Introduction
============

Gefitinib is a drug which is used for the treatment of certain cancers such as colon, lung, ovarian, and breast cancer.[@b1-ijn-12-015]--[@b3-ijn-12-015] It acts by inhibiting epidermal growth factor receptor tyrosine kinase[@b4-ijn-12-015] and belongs to Biopharmaceutical Classification System class II. It is sparingly soluble at pH 1 which further decreases with respect to the increase in pH; its solubility decreases sharply in the upper gastric range especially between pH 4 and 6. Its low solubility in upper gastric fluid affects the onset of action, bioavailability, and therapeutic activity. The log *P*-value of gefitinib is 4.15, which shows that gefitinib is highly hydrophobic.[@b5-ijn-12-015] The daily oral dose and bioavailability of gefitinib are 250 mg and \<44%, respectively. The most common adverse drug reactions reported with 250 mg dose of gefitinib are hepatobiliary disorder (elevations in alanine aminotransferase), gastrointestinal disorders (diarrhea, nausea, vomiting, and stomatitis), metabolism and nutrition disorder (anorexia), skin and subcutaneous disorders (skin reactions, pustular rash, and itching with dry skin), and so on.[@b6-ijn-12-015] All the aforementioned problems clearly indicate that there is a need to reduce the daily oral dose and to improve the oral bioavailability of gefitinib. The nanoparticulate drug delivery system holds abundant potential to overcome these problems. Hence, in the present study, Eudragit^®^ RL100 nanosuspension of gefitinib was prepared to improve its oral bioavailability. The reasons for the selection of Eudragit^®^ RL100 to prepare the nanosuspension were its high physicochemical stability,[@b7-ijn-12-015],[@b8-ijn-12-015] high permeability profile, mucoadhesiveness, drug targeting to the gastrointestinal tract, high gastrointestinal retention time,[@b9-ijn-12-015]--[@b12-ijn-12-015] and nontoxic nature.[@b8-ijn-12-015],[@b13-ijn-12-015]

The major challenges in the preparation of nanoparticles are manufacturing variability, due to lack of understanding of the effect of critical material attributes (CMAs) and critical processing parameters (CPPs) to attain small size, narrow polydispersity index (PDI), and so on. This lack of understanding and manufacturing variabilities increase the cost of nanoparticulate drug delivery system.[@b14-ijn-12-015] Nanoparticulate drug delivery system is also known for its toxicities due to the fast onset of action, increase in solubility, permeability, and bioavailability. Hence, the aim of the present study was to prepare the gefitinib nanosuspension with the help of quality by design (QbD) approach to understand the effect of CMAs and CPPs on critical quality attributes (CQAs) to reduce the manufacturing variability, control the manufacturing cost, and to improve the formulation safety and quality.

Materials and methods
=====================

Materials
---------

Gefitinib and Eudragit^®^ RL100 were obtained as gift samples from Neon Laboratories Ltd. (Mumbai, India) and Dr Reddy's Laboratories Ltd. (Hyderabad, India), respectively. Polyvinyl alcohol (PVA) with molecular weight 13,000 was obtained from National Chemicals (Gujarat, India). Polyvinylpyrrolidone (PVP) K30 with molecular weight 40,000 was procured from HiMedia^®^ Laboratories Pvt. Ltd. (Mumbai, India). Methanol high-performance liquid chromatography (HPLC) grade and dimethyl sulfoxide (DMSO) were purchased from Finar Ltd. (Ahmedabad, India). Highly pure water (18.2 MΩ cm resistivity, Milli Q) was produced in the laboratory. Dulbecco's Modified Eagle's Media (DMEM) and trypsin ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Fetal bovine serum (FBS), sterile phosphate-buffered saline (PBS), 3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT), and antibiotic solution (a mixture of penicillin, streptomycin, and clarithromycin) were obtained from HiMedia^®^ Laboratories Pvt. Ltd. All other chemicals were purchased from Merck Ltd. (Mumbai, India).

Methods
-------

### Preparation of gefitinib nanosuspension

Gefitinib (100 mg) was dissolved in DMSO (1 mL) and Eudragit^®^ RL100 (200 mg) was dissolved in methanol (1 mL) separately. Then, both were mixed together in a 2 mL micro-centrifuge tube. PVA as a stabilizer solution (20 mL) was taken in a 50 mL glass beaker and was kept in an ice bath. The above organic solution of drug and polymer was added dropwise into the stabilizer solution using a syringe drop by drop with continuous homogenization (Polytron PT-MR 3100; Kinematica AG, Luzern, Switzerland) at 15,000 rpm for 10 min. Then, it was further added drop by drop into PVP as a co-stabilizer solution (20 mL) kept in an ice bath to maintain low temperature with continuous homogenization at 15,000 rpm for 10 min. After homogenization, the preparation was sonicated immediately (Ultrasonic Processor, VC 130; Sonics & Materials Inc., Newtown, CT, USA) at 36±1 W for specified time using 10 s pulses. Then the prepared nanoformulation was subjected to magnetic stirring (3 h) at room temperature for the evaporation of organic solvent.

### Quality target product profile (QTPP)

In order to determine the QTPP, regulatory, practical aspects, scientific aspects, risk, and other factors were considered. Target product profile and target product quality profile (TPQP) were defined as the goal (QTPP) of the study. Control space (QTPP) also helped to establish the region of operability. CMAs and CPPs were selected in this study to achieve the predefined target (QTPP). The identified QTPP, CMAs, and CPPs are given in [Table 1](#t1-ijn-12-015){ref-type="table"}.[@b14-ijn-12-015]--[@b22-ijn-12-015]

### Risk assessment of CQAs

An Ishikawa diagram was constructed to identify the potential risks and corresponding causes that have the greatest possibility of producing product failure.[@b14-ijn-12-015],[@b20-ijn-12-015],[@b22-ijn-12-015]--[@b24-ijn-12-015] This approach helps to enhance safety, efficacy, and quality of the pharmaceutical product.[@b17-ijn-12-015] On the basis of prior knowledge, experiment trials, literature review, and the application of failure mode effect analysis method, the major quality attributes (or most dependent response parameters) of the nanoparticles such as particle size, PDI, and zeta potential were selected for risk assessment and analysis of CQAs.[@b14-ijn-12-015],[@b24-ijn-12-015],[@b25-ijn-12-015] The response parameters were considered as the CQAs and were analyzed within the pre-decided knowledge space. [Figure 1](#f1-ijn-12-015){ref-type="fig"} shows the Ishikawa diagram illustrating the effect of CMAs and CPPs on TPQP.

### Design of experiment for optimization of CMAs and CPPs

The selection of the optimization design is based upon the number of autonomous variables and their levels. The formulation (or processing) design is a part of region of operability, and in this study, it was customized on the basis of the decided CMAs and CPPs with their different levels. The CQAs are mainly influenced by CMAs and CPPs. Hence, these should be scrutinized and organized as a part of knowledge space to produce the obligatory quality of the product.[@b25-ijn-12-015],[@b26-ijn-12-015] In the present study, CMAs and CPPs were considered as autonomous variables, namely concentration of PVP K30 (X~1~), concentration of PVA (X~2~), and sonication time (X~3~) with two different levels of each (as given in [Table 1](#t1-ijn-12-015){ref-type="table"}). Similarly, three CQAs (or responses) such as particle size (Y~1~), PDI (Y~2~), and zeta potential (Y~3~) were considered for optimization purpose. The polynomial equations were constructed by Design Expert^®^ software and also reviewed for statistical significance to develop the models. Formulation was optimized to establish the region of interest by means of considering the desirability values of CQAs. Optimized formulation was prepared again and reevaluated with respect to particle size, PDI, and zeta potential. Then, the residual values were calculated from actual obtained results and software predicted results of CQAs to establish the design space. The residual values help in the verification of feasibility and validation of statistical models. On the basis of design space and/or residual values, the control strategy was adopted for pharmaceutical development and quality system[@b17-ijn-12-015],[@b20-ijn-12-015],[@b26-ijn-12-015] to achieve the target. Three-dimensional (3D) response surface plots were also constructed using Design Expert^®^ software for better understanding of the effect of CMAs and CPPs on CQAs.[@b14-ijn-12-015] Eight experimental runs were carried out in the knowledge space on the basis of 2^3^ full factorial design.

### Process analytical technology (PAT) -- particle size analysis

Zetasizer (ZEN 3600; Malvern Instruments, Malvern, UK) was used as PAT for the analysis of particle size, PDI, and zeta potential.

The prepared nanosuspension was diluted 10 times with Milli-Q water to produce the working concentration. The diluted nanosuspension (1 mL) was taken in a zeta cell, and the cell was fixed into the Zetasizer to record the zeta potential. Similarly, the diluted nanosuspension (2 mL) was placed in the transparent glass cell to record the particle size and PDI. Analysis of samples was carried out at 90º scattering angle. This experiment was performed at 25°C.[@b27-ijn-12-015]

### Drug content

Nanosuspension was diluted with methanol in a ratio of 1:5% v/v and sonicated (Equitron; Medica Instrument Manufacturing Co., Mumbai, India) for 5 min. A 10 mL volume was obtained using mobile phase (acetonitrile and 40 mM ammonium formate buffer with pH 2.5 in the ratio of 30:70% v/v) (unpublished method) and resonicated for 10 min. The obtained solution was filtered using a syringe filter with pore size 0.22 μm. Presence of drug was determined using HPLC (LC-2010CHT; Shimadzu Corporation, Kyoto, Japan), and the percent drug content was calculated.

### Atomic force microscopy (AFM)

Surface morphology analysis of the nanoparticles was performed using scanning probe microscopy method, namely AFM (Bruker Innova; Bruker Corporation, Billerica, MA, USA). AFM experiment was performed by depositing a drop of diluted nanosuspension (100 times dilution with Milli-Q water) on a glass coverslip followed by drying under vacuum over a period of \~10 h at 25°C and 15 bar pressure. AFM imaging was carried out under ambient conditions using the tapping mode with resonance frequencies of 260--340 kHz.[@b28-ijn-12-015]

### In vitro drug release study

In vitro drug release of an optimized nanosuspension was carried out by taking the nanosuspension (4 mL) in a dialysis membrane (molecular cutoff 12--14 kDa; HiMedia^®^ Laboratories Pvt. Ltd.) while closing the ends with dialysis clips and suspending in the dissolution medium. The study was carried out using United States Pharmacopeia (USP) type II dissolution apparatus. The same procedure was followed for the standard while taking the drug (9 mg) in 4 mL Milli-Q water. Study was performed in phosphate buffer pH 6.8. Volume of dissolution used in the study was 500 mL. The speed of the paddle and temperature of the medium were maintained at 50 rpm and 37°C±0.5°C, respectively. The samples (2 mL) were collected at predetermined time intervals and sink conditions were maintained throughout the experiment by replacing the same volume of the sample with blank phosphate buffer. The collected samples were filtered, diluted (with mobile phase), and analyzed using HPLC method.

### In vitro cytotoxicity study

The Vero cell line (African green monkey kidney cells) was obtained from the National Centre for Cell Science, Pune, India. The Vero cells were cultured in DMEM containing 10% FBS and 1% penicillin--streptomycin. Prepared test samples (100 μL) were added in triplicates to the wells containing cell suspension in three different, sterile, 96-well tissue culture plates. Then, the tissue culture plate was incubated at 37°C for 24 and 48 h with 5% carbon dioxide supply. Negative control (DMEM without FBS), positive control (with standard pure drug), and DMSO in the same concentration (100 μL with 900 μL DMEM without FBS) were also maintained in triplicate in the tissue culture plate. Then, the samples were analyzed under a microscope for the effect of drug on cells or presence of infections. After 24 and 48 h, the supernatant was decanted from the wells of the tissue culture plate and each well was washed with 100 μL of PBS. In dark, MTT reagent (50 μL) was added to each well and again the tissue culture plate was incubated at 37°C with 5% carbon dioxide for 4 h. The solution was gently decanted from each well. Then, 100 μL of sterile DMSO (after filtration) was added to each well and vigorously shaken in order to ensure solubilization of the formazan crystals formed. Absorbance was recorded using an enzyme-linked immunosorbent assay microplate reader (EL~x~ -- 800~MS~ absorbance reader; BioTek^®^ Instruments, Inc., Winooski, VT, USA) at 540 nm wavelength. Plates were read within 30 min after the addition of DMSO.[@b29-ijn-12-015]--[@b33-ijn-12-015] Percent cell viability and CC~50~ values were calculated.[@b34-ijn-12-015] Percent cell viability and percent cell inhibition were calculated using the following formulae: $$\text{Percent~cell~inhibition} = \frac{\text{Absobance~of~control} - \text{Absorbance~of~test}}{\text{Absorbance~of~control}} \times 100$$

Percent cell viability = 100 − percent cell inhibition.

### Pharmacokinetic study

#### Animals

Pharmacokinetic study of the nanosuspension and standard drug dispersion (gefitinib in Milli-Q water) was performed on female Wistar rats (200--250 g) procured by Central Animal Research Facility, Manipal University, Manipal. The animal experiment protocol was reviewed and approved by KMC Manipal, Institutional Animal Ethics Committee (IAEC), Manipal University, Manipal (IAEC/KMC/95/2015) dated November 20, 2015. All Animal experiments were performed as per the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA) and the animal care guidelines of KMC Manipal, IAEC.

#### Study design and blood sample collection

Before the experiment, the animals had free access to standard grub and water ad libitum. Throughout the experiment, all the animals were maintained at 12 h dark and 12 h light cycles. The 12 female Wistar rats were randomly divided into two groups as six animals in each group. The groups were marked as "standard" and "test". The standard group received orally a pure drug dispersion prepared in 0.25% sodium carboxymethyl cellulose (NaCMC) at a dose of 5 mg per 250 g body weight. Similarly, the test group received orally a nanosuspension at the dose of 5 mg per 250 g body weight.

Blood sample (500 μL) was collected at 0, 0.25, 0.5, 1, 2, 4, 6, 10, 12, 24, 36, 48, 60, and 72 h time intervals from each rat by retro orbital plexus puncture method in a microcentrifuge tube containing 10 μL dipotassium EDTA solution (10% w/v). Then, the plasma was separated from collected blood samples using a cooling centrifuge (3K30; Sigma^®^ Laborzentrifugen, Osterode am Harz, Germany) at 15,000 rpm for 15 min at 4°C. The separated plasma samples were stored at −20°C until further analysis.[@b35-ijn-12-015]--[@b37-ijn-12-015]

#### Drug analysis in plasma samples

The presence of drug in rat plasma was determined using HPLC (unpublished data). Chromatographic conditions such as HyperClone C~18~ column (250×4.6 mm id, 5 μm, BDS 130 Å) as a stationary phase, a mixture of acetonitrile: 40 mM ammonium formate buffer with pH 2.5 (28:72% v/v) as a mobile phase, flow rate: 0.8 mL/min, UV detector with wavelength 248 nm, column temperature maintained at 25°C, and injection volume: 80 μL were used. The developed method was validated as per USFDA guidelines.

A plasma sample (200 μL) was taken in the microcentrifuge tube. Sodium hydroxide solution (NaOH, 0.1 M, 40 μL) was added and vortexed (Spinix™ MC-01, Vortex Shaker; Tarsons^®^ Products Pvt. Ltd., Kolkata, India) for 1 min. Then, acetonitrile (560 μL) was added and again vortexed for 5 min. After vortexing, the supernatant solution was collected by means of cooling by centrifuging at 15,000 rpm for 15 min at 4°C. The supernatant was collected in test tubes and was subjected to nitrogen evaporation at 50°C until complete evaporation of the solvent. The residual was reconstituted in mobile phase(acetonitrile: 40 mM ammonium formate buffer with pH 2.5 \[28:72%v/v\]), and the concentration of the drug in plasma was estimated using developed HPLC bioanalytical method.

The plasma drug concentrations obtained from each group were fed into WinNonlin standard edition v.5.2 (Pharsight, Mountain View, CA, USA) with respect to time to calculate the pharmacokinetic parameters. The noncompartmental method was used for the determination of pharmacokinetic parameters. The peak plasma concentration (C~max~) and time to achieve peak plasma concentration (T~max~) were calculated by plotting the plasma drug concentration against time. The area under the curve from time of administration to time "t" (AUC~0--t~) was obtained by using trapezoidal rule. The elimination half-life (t~1/2~) was calculated from elimination rate constant (K~e~). The clearance (Cl) of gefitinib was deduced from the product of K~e~ and volume of distribution (V~d~). The relative bioavailability was calculated from the obtained AUC~0--t~ of nanosuspension to AUC~0--t~ of standard drug dispersion.[@b36-ijn-12-015],[@b38-ijn-12-015],[@b39-ijn-12-015] $$\text{Relative~bioavailability} = \frac{\text{AUC}_{0–t}\text{of~formulation} \times \text{Dose~of~standard}}{\text{AUC}_{0–t}\text{of~standard} \times \text{Dose~of~formulation}} \times 100$$

The in vivo permeability of gefitinib from the nanosuspension was also determined using the given formula:[@b40-ijn-12-015] $$\text{Percent~drug~absorbed} = \frac{\text{AUC}_{0 - t} \times K_{e} \times V_{d}}{F \times \text{Dose}} \times 100$$ where, AUC~0--t~ = last area under the curve, K~e~ = elimination rate constant, V~d~ = volume of distribution, and F = percent bioavailability of gefitinib from the formulation.

### Stability studies

Accelerated stability studies of the optimized nanosuspension were carried out at 5°C±3°C. The nanosuspension was filled into amber-colored glass vials and sealed with rubber stopper and aluminum caps. The vials were stored at the specified temperatures for 90 days. The samples were collected at 0, 7th, 15th, 30th, and 90th day from these vials. The collected samples were analyzed with respect to particle size, PDI, and zeta potential.[@b21-ijn-12-015],[@b41-ijn-12-015]

### Statistical analysis

Two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was applied for the analysis of in vitro drug release and pharmacokinetic studies. The results were considered to be significant at probability level \<5% (*P*\<0.05). The statistical analysis was performed using GraphPad Prism^®^ v.5 (GraphPad Software, Inc., La Jolla, CA, USA).[@b42-ijn-12-015]

Results and discussion
======================

Preparation of gefitinib nanosuspension
---------------------------------------

Gefitinib nanosuspension was prepared using solvent evaporation technique. Eudragit^®^ RL100, PVA, and PVP K30 were used for the preparation of the nanosuspension.

Eudragit^®^ RL100 was chosen because of its very fine particle distribution, good physicochemical stability,[@b7-ijn-12-015],[@b8-ijn-12-015] high permeability profile, mucoadhesiveness, drug targeting to the gastrointestinal tract, high retention time,[@b9-ijn-12-015]--[@b12-ijn-12-015] and no toxicity/irritation properties.[@b8-ijn-12-015],[@b13-ijn-12-015] High permeability, high retention, physicochemical stability, and targeting to the gastrointestinal tract are mainly due to the presence of ammonium groups in its chemical structure. Because Eudragit^®^ RL100 is hydrophobic in nature, it is also expected that drug entrapment in the nanoparticles prepared using this polymer will be high.[@b7-ijn-12-015],[@b43-ijn-12-015]--[@b45-ijn-12-015]

PVA was used for the stabilization of gefitinib nanoparticles.[@b27-ijn-12-015] It is nonionic, nontoxic, noncarcinogenic, and has a high degree of swelling in aqueous solutions and good biocompatibility. However, sometimes it produces a skewed distribution pattern of nanoparticles and also increases the viscosity of suspension.[@b46-ijn-12-015] Hence, PVP K30 was used further as a co-stabilizer to ensure spherical and small particle size. It also helps to retain low viscosity of the suspension.[@b47-ijn-12-015] Other reasons behind the selection of PVP K30 were its hydrophilic nature, high melting point, nonionic, nontoxic nature, high physiological tolerance, and a powerful precipitation inhibitor effect. These properties maintain the supersaturation state of the drug in the gastrointestinal fluid.[@b48-ijn-12-015]--[@b50-ijn-12-015] PVP K30 produces amorphous and/or smooth-surfaced spherical particles.[@b50-ijn-12-015] PVP is approved by the Food and Drug Administration and is a generally regarded as a safe polymer.[@b51-ijn-12-015] It has also been reported that the nanoparticles produced with PVA and PVP improve the correlation between the nanoparticle stability and monomeric length of the polymer chain.[@b44-ijn-12-015] Earlier studies have also proposed that nonionic surfactants have a tendency to adsorb on hydrophobic surfaces.[@b44-ijn-12-015],[@b45-ijn-12-015] The adsorption aids to restrict polymer segments to the particle surface and the adsorbed chains extend into the solution, which restricts the chains and lowers the chain entropy. Finally, it enhances the stability by repulsive interaction energy. It has also been proved that PVA and PVP provide protection from oxidation and also reduce the chances of aggregation of prepared nanoparticles by providing a steric barrier.[@b44-ijn-12-015],[@b45-ijn-12-015],[@b52-ijn-12-015]--[@b54-ijn-12-015]

In the present study, DMSO was used to dissolve the drug. Methanol was used as an organic solvent to dissolve Eudragit^®^ RL100, because it is compatible with DMSO. As per the USP 37/NF 32, the acceptance limit of methanol as residual solvent is high compared to other solvents of the same category, but it is placed in the safest category of ICH, class 2, with limited nongenotoxic animal carcinogens or possible causative agents of other irreversible toxicity. Hence, further magnetic stirring was applied at room temperature (3 h) for the evaporation of methanol.[@b55-ijn-12-015] No additional process was applied for the removal of DMSO from the formulation, because DMSO is considered to be a safe solvent when compared to methanol and is placed in the safest category of ICH, class 3 solvents, with low toxicity potential. DMSO ≤50 mg per day as a residual solvent would be considered acceptable (corresponding to 0.5% under option 1).[@b55-ijn-12-015]--[@b57-ijn-12-015] DMSO (\~0.025%) was used in the preparation of gefitinib nanoparticles which was considered to be safe and within the acceptable limits of DMSO. Furthermore, DMSO is considered to be safe as is it metabolized in humans by oxidation to dimethyl sulfone (DMSO~2~) or by reduction to dimethyl sulfide (DMS). DMSO and DMSO~2~ are excreted in urine and feces. DMS is eliminated through breath and skin with a characteristic "garlic" or "oyster-like" odor.[@b55-ijn-12-015]--[@b57-ijn-12-015]

PAT -- particle size analysis
-----------------------------

Gefitinib nanosuspension was prepared successfully using Eudragit^®^ RL100 with the applications of QbD. Particle size, PDI, and zeta potential were found to be in the range of 249.8--597 nm, 0.294--0.456, and −4.26 to −10.79 mV, respectively.

Risk analysis, optimization, and verification
---------------------------------------------

Full factorial design was implemented for the optimization of the final formulation. The main and interactive effects of three autonomous variables (such as CMAs and CPPs) on three responses (CQAs) were analyzed. The effect of autonomous variables on CQAs was assessed by using polynomial equation and 3D response surface plot constructed by the software as shown in [Figure 2](#f2-ijn-12-015){ref-type="fig"}.

The polynomial equations for particle size, PDI, and zeta potential are as follows: $$\text{Particle~size} = 389.280 - 26.880X_{1} - 48.750X_{2} - 66.050X_{3} + 86.500X_{1}X_{2} - 27.700X_{1}X_{3}$$ $$\text{PDI} = 0.150 + 0.170X_{1} + 0.049X_{2} + 0.013X_{3} - 0.062X_{1}X_{2} - 0.005X_{1}X_{3}$$ $$\text{Zeta~potential} = - 7.55 + 0.50X_{1} + 2.69X_{2}$$ where X~1~, X~2~, and X~3~ are concentrations of PVP and PVA and sonication time, respectively.

A significant effect was assessed for the determination of percentage variabilities in CQAs, and a probability value of *P*\<0.05 was considered as a significant level.

Model selection for particle size
---------------------------------

For particle size, model R2FI with an *F* value of 26.58 was found to be significant (*P*=0.0366). The regression coefficient with a *P*-value \<0.05 indicates that the model terms are significant, whereas values \>0.1000 indicate insignificant model terms. Similarly, the significant effect of main and interactive variables on the response particle size was also assessed. The *P*-value of concentration of PVA was found to be 0.0463 whereas the *P*-value for sonication time was found to be 0.0260. The concentration of PVP and PVA as interactive variables also showed a significant effect on particle size with *P*-value 0.0154. The adequate precision value for R2FI model was found to be 13.475. This is a measure of signal to noise ratio. For a precise model, the minimum adequate precision value should be 4.

The *R*^2^ value is a measure of total variability that has been explained by the model, and it was found to be 0.9852 which means 98.52% variations have been explained by the present model.[@b58-ijn-12-015]--[@b60-ijn-12-015] The actual *R*^2^ value was more than the predicted *R*^2^ value (0.7628), which also reflects the suitability of the present R2FI model.

The coefficient estimate values of concentration of PVP, concentration of PVA, and sonication time as individual (or main) variables were found to be negative. Similarly, the coefficient estimate value of concentration of PVP and sonication time as interactive (complex) variables was also found to be negative. However, the coefficient estimate value of concentration of PVP and concentration of PVA as interactive variables was positive. A positive value of coefficient estimate indicates that the particle size increases with respect to an increase in the value of autonomous variable, whereas a negative value of coefficient estimate indicates that the particle size decreases with respect to the increase in the value of autonomous variable. It is very interesting to note that PVA as an individual variable behaves as a droplet stabilizer whereas as an interactive variable it increases the size of nanoparticles. The stabilizer property of the droplets prevents the coalescence of droplets by localizing at the surface of the interface between the dispersed phase and continuous phase. This observation coincides with earlier findings in this area regarding the effect of PVA concentration on particle size.[@b61-ijn-12-015],[@b62-ijn-12-015]

Furthermore, the interactive effect of variables was also determined with the help of a 3D response surface plot. As depicted in [Figure 2A](#f2-ijn-12-015){ref-type="fig"}, the particle size decreased as the sonication time and concentration of PVP increased. It shows the perfect combination of these two variables. Among them, one (sonication time) helps to reduce the particle size and the other (concentration of PVP) helps to reduce the steric charge generated on the surface of the particles during size reduction. As shown in [Figure 2B](#f2-ijn-12-015){ref-type="fig"}, the particle size increased as the concentrations of PVP and PVA increased. This might have happened because the polymer chain begins to entangle together causing increased viscosity of PVA in the medium due to the increase in concentration; thus more polymer molecules may have been coated on the surface of the nanoparticles.[@b44-ijn-12-015]

Model selection for PDI
-----------------------

For PDI, model R2FI with *F* value of 476.32 was found to be significant (*P*=0.0021). *P*\<0.05 was considered as a significant level. Furthermore, the significant effect of main and interactive variables on PDI was also assessed. The *P*-value of all autonomous variables as main and interactive was found to be between 0.0014 and 0.0290, which indicates that the variables have a significant effect (individual/complex) on PDI. The adequate precision value for R2FI model was found to be 57.388, which is a strong measure of signal to noise ratio.

The *R*^2^ value for this model was found to be 0.9992 which means 99.92% variations have been explained by the present model.[@b59-ijn-12-015]--[@b61-ijn-12-015] This actual *R*^2^ value (0.9992) was better than the predicted *R*^2^ value (0.9866). It strongly supports the suitability of the present R2FI model.

The coefficient estimate values of individual variables such as concentration of PVP, concentration of PVA, and sonication time were found to be positive, whereas the coefficient estimate values of sonication time, concentration of PVP, and concentration of PVA as complexed variables were found to be negative.

Furthermore, the interactive effect of variables was also determined with the help of the 3D response surface plot. As shown in [Figure 2C](#f2-ijn-12-015){ref-type="fig"}, PDI decreased as the sonication time and concentration of PVP increased. It also confirms the suitability of these two autonomous variables as complexed. As shown in [Figure 2D](#f2-ijn-12-015){ref-type="fig"}, PDI decreased as the concentration of PVP and concentration of PVA increased, which means the nanoparticles have a mono-disperse nature.[@b42-ijn-12-015] This also reflects that PVA produces the uniform coating on the surface of nanoparticles, which contributes to enhance the physical stability of colloidal formulation.[@b44-ijn-12-015]

Model selection for zeta potential
----------------------------------

For zeta potential, linear model with *F* value of 719.54 was found to be very significant (*P*\<0.0001). Furthermore, the significant effect of concentration of PVP and concentration of PVA was also assessed. The *P*-values of concentration of PVP and concentration of PVA were found to be 0.0010 and \<0.0001, respectively. This indicates that the variables have a significant effect on zeta potential. The adequate precision value for this model was found to be 51.021. It can strongly measure the signal to noise ratio.

The *R*^2^ value for this model was found to be 0.9965 which means 99.65% variations have been explained by the present model.[@b58-ijn-12-015]--[@b60-ijn-12-015] The actual *R*^2^ value (0.9965) was found to be almost similar to the predicted *R*^2^ value (0.9911). Hence, this is also a supportive evidence for the selected model. The coefficient estimate values of concentration of PVP and concentration of PVA were found to be positive, which clearly defines that the zeta potential values increased with respect to the increase in concentration of each variable.

Further, the effect has been demonstrated with a 3D response surface plot. As shown in [Figure 2E](#f2-ijn-12-015){ref-type="fig"}, the zeta potential values increased with increase of concentration of PVP and concentration of PVA, which also confirms that PVP and PVA help to improve the physical stability of colloidal formulation.[@b44-ijn-12-015]

Optimization of CMAs and CPPs with verification of CQAs
-------------------------------------------------------

The targeted criteria were fed into the software to achieve the predicted composition (software suggestions). On the basis of desirability value, a software-suggested solution was selected as a region of interest and was practically used for its verification. The desirability value of the selected software suggestion was found to be 0.986, which provides an assurance of 98.60% possibilities to achieve the target with optimized CMAs and CPPs. Higher the value of desirability, more the possibility to achieve the target.[@b63-ijn-12-015] A formulation was prepared with optimized CMAs and CPPs, and its CQAs were analyzed. The actual obtained results and predicted results of CQAs were further used to calculate the residual values to ensure the achievement of design space. The calculation of residual values is also a verification/validation of the model and CQAs. The residual values were calculated as percent residual using the following formula:[@b63-ijn-12-015] $$\text{Percent~residual} = \frac{\text{Software~suggested~results} - \text{Actual~obtainedd~results}}{\text{Software~suggested~results}} \times 100$$

The optimized CMAs and CPPs with residual values of CQAs are summarized in [Table 2](#t2-ijn-12-015){ref-type="table"}. The residual values were found to be between the range of −3.49 and 1.01, and they were found to be very low, which shows that the actual obtained results have very strong correlation with software-predicted results. Lower residual value is also an indicator of less variation and more reproducibility of CQAs with the optimized CMAs and CPPs.

The optimized formulation showed the particle size to be \<250 nm which indicates that the cellular uptake of the prepared formulation may be good, as cellular uptake depends upon the particle size.[@b64-ijn-12-015],[@b65-ijn-12-015] PDI value \<0.4 confirms uniform and narrow PDI which also emphasizes that the obtained particles are of same size. The zeta potential values were found to be very low which indicates that formulation may be less stable. As the zeta potential values were found to be negative, which may not much support cellular uptake, it is expected to be safe as negatively charged nanoparticles decrease the chances of cytotoxicity. Because of the negative charge on the surface of nanoparticles, they may undergo nonspecific adsorption to the cellular membrane.

Characterization of optimized nanosuspension
--------------------------------------------

### Drug content

The optimized nanosuspension was prepared thrice and analyzed using HPLC. The percent drug content of the optimized nanosuspension was found to be 87.74%±1.19%. A slight decrease in the drug content was found because gefitinib is light and heat sensitive.[@b66-ijn-12-015] In the present study, the temperature was under control during the preparation of nanoparticles. Hence, light may be the main degradation pathway which was responsible for the degradation of gefitinib in nanosuspension.

### AFM

AFM is a powerful tool for the determination of surface morphology.[@b28-ijn-12-015] A thin film of nanoparticles was subjected to AFM, which was set in tapping mode. The reason for selection of the tapping mode was to avoid damage and removal of weakly bound and defective layers of PVP and PVA (as adsorbate) on the surface of Eudragit^®^ nanoparticles (as adsorbent). In the contact mode, the hard surfaces may destroy the adsorbed morphology.[@b28-ijn-12-015],[@b67-ijn-12-015] The results for the particle size obtained with AFM were closer to that obtained with the Zetasizer. The AFM 2D and 3D images of gefitinib nanoparticles (recorded at 20×20 μm magnification) are shown in [Figure 3A and B](#f3-ijn-12-015){ref-type="fig"}. The gefitinib nanoparticles (GNPs) were spherical in shape with smooth surface. These results are similar to those nanoparticles prepared with Eudragit^®^ L100 and PLGA using PVA as a stabilizer.[@b68-ijn-12-015] It also proves that PVA helps to impart the spherical and smooth surface on nanoparticles.

In vitro drug release study
---------------------------

In vitro drug release studies were conducted using USP type II apparatus. The main reason for the selection of the dissolution method was to maintain the required temperature and stimulate biological conditions throughout the experiment, which is slightly difficult in diffusion studies of nanosuspensions. Up to 8 h, the release from gefitinib nanosuspension was very slow, that is, 5.30%±1.87%, which may be because the outer shell polymer took longer to produce the stagnant layer (or hydrated)[@b69-ijn-12-015],[@b70-ijn-12-015] or may be because of slow diffusion of drug from the stagnant layer formed by the outer shell polymer. It evidenced that the drug is entrapped in the core nanoparticles. These results are similar to the results reported by Lee et al.[@b70-ijn-12-015] After producing the stagnant layer (or polymer hydration), it followed the first-order drug release pattern as a result in 84 h; drug release from the formulation was found to be 60.03%±4.09%. This type of drug release behavior observed may be due to the combination of polymers. The release from the standard drug dispersion was found to be very less, that is, 10.39%±3.37% in 84 h, in comparison with the gefitinib nanosuspension. As shown in [Figure 4](#f4-ijn-12-015){ref-type="fig"}, in 84 h with the nanosuspension of gefitinib \~6-fold increase in solubility was found in comparison with the standard drug dispersion. This study confirmed that the decrease of particle size (as nanoparticles) helps to improve the solubility of the drug.

In vitro drug release data were further analyzed for statistical analysis by applying two-way ANOVA followed by Bonferroni post hoc test. Significance (at *P*\<0.001) was observed between the drug release profile of gefitinib (standard drug dispersion) and gefitinib nanosuspension.

In vitro cytotoxicity study
---------------------------

In vitro cytotoxicity studies, performed on Vero cells, indicate that the cell inhibition capacity of gefitinib (standard) is higher than the gefitinib nanosuspension, making the formulation safer to use. As shown in [Table 3](#t3-ijn-12-015){ref-type="table"}, CC~50~ value of viable cells is nearly 10 times in gefitinib nanosuspension wells as compared to the gefitinib wells. This phenomenon indicates that nanosuspension of gefitinib has low cytotoxicity in comparison with gefitinib.

### Pharmacokinetic study

Plasma pharmacokinetic profile of gefitinib and gefitinib nanosuspension is illustrated in [Figure 5](#f5-ijn-12-015){ref-type="fig"}. Pharmacokinetic parameters were calculated using WinNonlin Software v.5.2. (Pharsight Corporation) and are presented in [Table 4](#t4-ijn-12-015){ref-type="table"}.

Pharmacokinetic parameters of gefitinib (standard drug dispersion) were compared with gefitinib nanosuspension. In comparison with the standard, C~max~, T~max~, and AUC values increased with gefitinib nanosuspension, which indicates the fast onset of action and long absorption phase of gefitinib from nanosuspension, but t~1/2~, V~d~, K~e~, and Cl values were found to decrease with gefitinib nanosuspension. The decrease in V~d~ indicates that the solubility of the drug is increased after preparation of the nanosuspension. This is also supported by the in vitro drug release studies as the drug release is found to be greater than the standard. The corresponding effect of V~d~ can also be seen on the obtained lower values of t~1/2~, K~e~, Cl, and MRT. This also reflects that the gefitinib nanosuspension affects the termination of action. The increase in C~max~ and AUC values in the case of gefitinib nanosuspension indicates that the present formulation may be helpful to reduce the dose of gefitinib. The relative bioavailability results of gefitinib nanosuspension also confirmed the 1.812-fold increase in oral bioavailability. The bioavailability results evidenced that the present formulation may be helpful to improve therapeutic activity and to reduce the dose of gefitinib.

The percent in vivo absorption of gefitinib from standard drug dispersion and nanosuspension was found to be 38.38% and 68.82%, respectively. This is a measure of in vivo permeability of the drug and is clearly reflected in the increase of in vivo permeability of gefitinib after preparing the nanosuspension.

Pharmacokinetic data were also analyzed for statistical analysis by applying ANOVA followed by Bonferroni post hoc test. Significance (at *P*\<0.001) was observed between the plasma drug concentrations of gefitinib (standard drug dispersion) and gefitinib nanosuspension. This significant effect was mainly observed between 2 and 10 h.

Stability studies
-----------------

The first reason for the selection of this temperature for the stability study was that gefitinib is stable at this temperature in well-closed amber-colored containers. Second, it is already proven with earlier studies that liquid dosage forms are less stable at higher temperature. Hence, to avoid repetition, lower temperature was selected for stability studies, which is also a standard temperature as per the ICH guidelines. The gefitinib-loaded polymeric nanoparticles showed an increment in particle size and PDI by approximately three times and two times, respectively, over a period of 90 days after storage at 5°C±3°C. A slight reduction in zeta potential was also observed after 90 days storage at 5°C±3°C. The physical stability results reflect that the gefitinib nanosuspension is less stable; hence, there is a need to convert this liquid dosage form into a solid dosage form to improve its stability.

Conclusion
==========

In the present study, gefitinib nanosuspension was successfully prepared using continuous homogenization and ultrasonication techniques. The QbD approach was also applied in the study to understand the effect of CMAs and CPPs on CQAs and to improve the quality and safety of formulation. To study the effect of CMAs and CPPs, 2^3^ full factorial design was used. The particle size, PDI, and zeta potential of the optimized formulation were 248.20 nm, 0.391, and −5.62 mV, respectively. Drug content of the optimized nanoformulation was found to be 87.74%±1.19%. AFM study of the optimized formulation confirmed that the prepared nanoparticles are smooth and spherical in nature. In vitro cytotoxicity studies of the nanosuspension on Vero cell line revealed that the formulation is nontoxic. The gefitinib nanosuspension released 60.03%±4.09% drug over a period of 84 h whereas as standard drug dispersion released only 10.39%±3.37% drug in the same duration. From the pharmacokinetic studies, the half-life, C~max~, and T~max~ of the drug in an optimized nanosuspension was found to be 8.65±1.99 h, 46,211.04±5,805.97 ng/mL, and 6.67±1.77 h, respectively. A 1.812-fold increase in relative bioavailability of nanosuspension was found, which confirmed that the present formulation is suitable to enhance the oral bioavailability of gefitinib.

Furthermore, related to the applications of QbD in this study, few experimental runs used for the optimization are the evidence for reduction of manufacturing cost. The least values of residual error obtained are the evidence for reduction of manufacturing variability. Small particle size, least PDI values, and smooth and spherical particles confirm the desired quality of gefitinib nanosuspension. Similarly, the Vero cell line studies of gefitinib nanosuspension confirmed the achievement of safety by the nanoformulation. On the basis of the obtained results as evidences, it can be concluded that QbD is a helpful tool in nanoparticulate drug delivery systems to reduce the manufacturing cost, reduce the manufacturing variability, and improve the quality and safety, which is a primary requirement by USDFA.
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![Ishikawa diagram illustrating the effect of various autonomous variables on CQAs.\
**Abbreviations:** PDI, polydispersity index; CQAs, critical quality attributes.](ijn-12-015Fig1){#f1-ijn-12-015}

![3D response surface plot illustrating the effect of autonomous variables on CQAs.\
**Notes:** (**A**) Effect of sonication time and PVP on particle size; (**B**) Effect of PVA and PVP on particle size; (**C**) Effect of sonication time and PVP on PDI; (**D**) Effect of PVP and PVA on PDI; and (**E**) Effect of PVA and PVP on zeta potential.\
**Abbreviations:** PDI, polydispersity index; CQAs, critical quality attributes; 3D, three-dimensional; PVA, polyvinyl alcohol; PVP, polyvinylpyrrolidone.](ijn-12-015Fig2){#f2-ijn-12-015}

![AFM results of GNPs recorded at 20×20 μm magnification.\
**Notes:** (**A**) 2D image of optimized GNPs and (**B**) 3D image of optimized GNPs.\
**Abbreviations:** 2D, two-dimensional; 3D, three-dimensional; AFM, atomic force microscopy.](ijn-12-015Fig3){#f3-ijn-12-015}

![In vitro drug release profile of gefitinib (standard drug dispersion) and gefitinib nanosuspension at pH 6.8 (data presented as mean ± SEM, n=3).\
**Abbreviation:** SEM, standard error of mean.](ijn-12-015Fig4){#f4-ijn-12-015}

![Plasma concentration--time curves of gefitinib and gefitinib nanosuspension (data presented as mean ± SEM, n=3).\
**Abbreviation:** SEM, standard error of mean.](ijn-12-015Fig5){#f5-ijn-12-015}

###### 

Study target with CMAs and CPPs

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  QTPP                      CMAs                                  CPPs                                                                                                                                     
  ------------------------- ------------------------------------- -------------------------------------------------------------------------------- ------------------- --- --- ---------------------- ---- ----
  Route of administration   Oral                                  • Nontoxic\                                                                      PVP K30\            1   2   Sonicationtime (min)   10   15
                                                                  Method of assessment: cytotoxicity studies                                       concentration (%)                                       

  Formulation type          Nanosuspension                        • Particle size\                                                                 PVA\                1   3                               
                                                                  • PDI\                                                                           concentration (%)                                       
                                                                  Method of assessment: PCS using\                                                                                                         
                                                                  Malvern Zetasizer\                                                                                                                       
                                                                  • Particle shape and morphology\                                                                                                         
                                                                  Method of assessment: AFM                                                                                                                

  Oral bioavailability      Enhancement of oral bioavailability   • In vitro drug release\                                                                                                                 
                                                                  Method of assessment: USP type II apparatus\                                                                                             
                                                                  • In vivo studies\                                                                                                                       
                                                                  Method of assessment: indirect method for the assessment of drug in rat plasma                                                           
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** TPP, target product profile; TPQP, target product quality profile; QTPP, quality target product profile; CMA, critical material attribute; CPP, critical processing parameter; PDI, polydispersity index; AFM, atomic force microscopy; PVA, polyvinyl alcohol; PVP, polyvinylpyrrolidone; PCS, photon correlation spectroscopy; USP, United States Pharmacopeia.

###### 

Optimized CMAs and CPPs and verified CQAs

  Response parameters          CMAs/CPPs   CQAs                             
  ---------------------------- ----------- ------- ------- -------- ------- -------
  Software-predicted results   15          1.031   2.959   249.80   0.395   −5.43
  Actual obtained results      15          1       3       248.20   0.391   −5.62
  Residual values (%)          --          --      --      0.64     1.01    −3.49

**Abbreviations:** CMAs, critical material attributes; CPPs, critical processing parameters; CQAs, critical quality attributes; PVA, polyvinyl alcohol; PVP, polyvinylpyrrolidone.

###### 

In vitro cytotoxicity assay of gefitinib and gefitinib nanosuspension against Vero cells

  S No   Compound                   CC~50~ (µg/mL)           
  ------ -------------------------- ---------------- ------- -----
  1      Gefitinib nanosuspension   1,129            1,000   950
  2      Gefitinib (standard)       192              152     140

###### 

Pharmacokinetic parameters of gefitinib and gefitinib nanosuspension after oral administration

  Pharmacokinetic parameters     Standard[\*](#tfn3-ijn-12-015){ref-type="table-fn"}   Gefitinib nanosuspension[\*](#tfn3-ijn-12-015){ref-type="table-fn"}
  ------------------------------ ----------------------------------------------------- ---------------------------------------------------------------------
  C~max~ (ng/mL)                 29,293.58±4,880.04                                    46,211.04±5,805.97
  T~max~ (h)                     4±1.16                                                6.67±1.77
  Half-life (h)                  10.96±0.34                                            8.65±1.99
  K~e~ (1/h)                     0.04±0.02                                             0.09±0.02
  V~d~ (mL)                      179.13±9.70                                           78.77±17.78
  Cl (mL/h)                      11.32±0.48                                            6.32±0.21
  AUC~(0--t)~ (ng·h/mL)          485,344.50±21,005.59                                  879,447.90±28,982.27
  AUC~(0--infinity)~ (ng·h/mL)   498,068.20±20,689.72                                  888,923.10±28,841.79
  MRT~0--t~ (h)                  25.29±0.74                                            20.18±0.63
  MRT~0--∞~ (h)                  26.89±0.86                                            20.88±0.67

**Notes:**

Data presented as mean ± SEM, n=3. C~max~, peak plasma concentration; T~max~, time to achieve peak plasma concentration; K~e~, elimination rate constant; V~d~, volume of distribution; AUC~0--t~, area under the curve from time of administration to time "t"; AUC(0--infinity), area under the curve from time of administration until infinite time elapse.

**Abbreviations:** Cl, clearance; SEM, standard error of mean; MRT, mean residence time.
